The aim of the present study was to develop a new vitamin E-zeolite drug carrier system, and investigate the mass transfer mechanism of the antioxidant encapsulation and release on/from the mineral matrix by thermodynamic and kinetics sorption/desorption experiments and mathematical modelling of the experimental data. The surface, morphological and spectral characteristics of the vitamin and the zeolite were determined by Boehm titration, SEM, FTIR and UV/Vis spectrophotometric analyses. Intraparticle diffusion was not the only rate-limiting mechanism, as the mixed-order kinetics model gave the highest regression coefficient (R 2 ) and lowest SSE, MSE, RMSE, and AIC C values. The thermodynamic study confirmed the endothermic nature of the spontaneous encapsulation process and increased degrees of randomness at the solid-liquid interface. The in vitro release results were best modelled by the zero-order and sigmoidal models. The results obtained are essential for the development of innovative vitamin E-carrier systems for application in human and veterinary medicine.
Introduction
All tocopherols and tocotrienols are nonpolar and present mainly in the lipid phase. Vitamin E is the main dietary fat-soluble antioxidant, playing important roles in the body. It is a family of four tocopherols (α, β, γ and δ) and four corresponding tocotrienols (α, β, γ and δ), of which α-tocopherol has the highest biological activity. Vitamin E acts as a chain-breaking antioxidant preventing the propagation of free radical reactions, and thus consumption of vitamin E has been widely considered to help reduce risk of many chronic diseases, such as cardiovascular diseases. 1, 2 Besides protecting them from the harsh processing conditions and adverse storage environment, the encapsulation of bioactive compounds can also achieve targeted delivery and controlled release of entrapped nutrients to the specific site. 2 Porous materials such as zeolites, zeolitic materials, activated carbons, silica gels, and metal oxides are of tremendous importance in many areas of research and development, mainly in adsorption, catalysis, energy storage, electrochemistry, and biomedical engineering. [3] [4] [5] However, the performance of these materials in the adsorption of organic macromolecules is not optimal because of disordered pore structure, low specific pore volume, and significant amount of micropores, which only allows the adsorption of relatively small molecules. Among these porous materials, natural, modified and synthetic zeolites have been extensively used in various industrial adsorption and separation processes due to their ordered internal structure and the availability of mesopores. 3, 6 Adsorption of vitamin E on solid surfaces has attracted significant attention due to its importance for the pharmaceutical industry and medicinal field. [7] [8] [9] [10] Recently, Kavalenko and Kuznetsova reported the adsorption of vitamin E on carbon-con-taining enterosorbents to obtain drugs with slow release of the active ingredient. 11 They also found that the adsorbed vitamin E molecules are oriented in such a way that their OH-groups remain free and retain their biological activity.
An adsorption study can only be significant and useful if it includes an extensive study on adsorption equilibrium, kinetics, thermodynamics, and desorption. [12] [13] [14] In the design of adsorption systems, thermodynamic properties are critical design variables in estimating the performance and predicting the mechanism of an adsorption separation process, and are also one of the basic requirements for the characterization and optimization of an adsorption process. 15 Important for the use of drug delivery systems is the knowledge about their release kinetics. Drug release depends on a number of physical and chemical properties of both the carriers and drugs, e.g., chemical composition, porosity, surface roughness, degradation ability, molecular weight, particle size, and drug-matrix interactions. 16, 17 The aim of the present study was to develop a new vitamin E-zeolite drug carrier system, and investigate the mass transfer mechanism of the antioxidant encapsulation and release on/from the mineral matrix by means of thermodynamic and kinetics sorption/desorption experiments and mathematical modelling of the experimental data.
Materials and methods

Reagents
Vitamin E (d, l-α-tocopherol acetate, C 31 H 52 O 3 ) (CAS No. 7695-91-2) (analytical, > 99 % HPLC, water soluble) was supplied by Sigma-Aldrich. The natural zeolite was supplied by Bentonite AD, Kurdzhali City, Bulgaria. Its physicochemical characteristics are presented in Table 1 . 18 Prior to the sorption experiments, the mineral composite was thoroughly washed several times with distilled water to remove dust and any adhering substances. The natural zeolite was oven dried at 373 K for 48 h. The prepared samples were stored in airtight containers for further studies. They were fractionated by sieving. The used fraction was 0.5-1.0 mm.
Surface chemistry characterization of zeolite
Surface chemistry of zeolite was characterized by Boehm titration, pH of zero charge and FTIR analyses. Acidic and basic sites on the sorbent were determined by the acid-base titration (potentiometric titration) method proposed by Boehm. 19 The zero surface charge (pH PZC ) characteristics of natural zeolite were determined using the solid addition method. The procedure has been described elsewhere. 19 
FTIR spectroscopy
The functional groups present in the fresh and vitamin-loaded zeolite were characterized by FTIR. FTIR spectra of the fresh and vitamin E-loaded zeolites were obtained with KBr disc technique in the range 400 -4000 cm -1 using TENSOR 37 Bruker FTIR spectrometer (Bruker Optik GmbH, Germany).
UV/Vis spectrophotometry
Vitamin E concentrations were determined by an adapted UV-VIS spectrophotometric method using DR 5000 UV-Vis Spectrophotometer (Hach Lange, Germany), supplied with 10 mm quartz cells. All spectra were recorded in the UV region at λ = 285 nm with 2 nm slit width, 900 nm min -1 scan speed, and very high smoothing.
Kinetics sorption studies
The kinetic experiments were conducted in a standardized batch adsorber (V = 800 mL) with a two-bladed impeller at initial vitamin E concentrations (C o ) 50 and 250 mg dm -3 , masses of adsorbent (w) 6 and 10 g, at agitation rate n = 200 rpm, temperature T = 19±2 o C, and pH = 7. The antioxidant solutions were separated from the adsorbent by centrifugation with Heraeus Labofuge 200 (Thermo, Electron Corporation) at 5,300 g for 20 min, and filtered using 0.45 µm membrane filters (LCW 916, Hach Lange, Germany) to ensure the solutions were free from adsorbent particles before measuring the residual liquid phase vitamin E concentrations, which were determined spectrophotometrically.
In vitro release studies
The in vitro release experiments were conducted by agitating 0.5 g dried vitamin E-loaded zeolite 
where C o (mg dm -3 ) is the initial vitamin E concentration in the liquid phase, q o = 0 (mg g 
Interpretive modeling
The kinetics of solute sorption is required for selecting optimum operating conditions for the fullscale batch process. Kinetics parameters are supportive for the prediction of adsorption rate and equilibrium time giving important information for designing and modelling of the sorption processes, while by the extent of applicability of the mass transfer/diffusion models and the values of the corresponding parameters, the prevailing mechanism/s during vitamin E sorption on the mineral matrix could be determined.
Therefore, four kinetics models and two diffusion/mass transfer models were employed for testing the experimental sorption data. The kinetics sorption behavior of vitamin E on zeolite in the present research was modelled by the pseudo-first order, pseudo-second order, third order, mixed order kinetic models, and by the diffusion-chemisorption models by means of linear/non-linear analyses (Table 2).
The in vitro release experimental data were modelled by the zero order, first order, simplified Higuchi, Hixson-Crowell, Korsmeyer-Peppas, Weibull and sigmoidal models, which are presented in Table 2 . 
where R is the universal gas constant (8.314 J mol -1 K -1 ) and T is the temperature (K).
Error analysis
Non-linear regression analysis was employed to describe the sorption behavior of the studied system by means of various mathematical equations. In order to confirm the best-fitting model(s), the data set using the values of the determined correlation coefficients (R 2 ), sum of squares of errors (SSE), root-mean-square errors (RMSE), and the corrected Akaike criterion (AIC C ) has to be analyzed. The linear/non-linear regression analyses were done by the data analyses and graphics software Origin 9.1 (OriginLab Corporation).
The AIC developed by Akaike is a methodology for model selection in a situation where more than one model has been fitted to experimental data and screening of the candidate models is crucial to the objectives of the research work. Akaike's general approach not only allows the best model to be identifed, but also allows the ranking of the rest of the models under consideration. 20, 21 In the case of least squares fit with normally distributed errors, the AIC is calculated by the following equation:
where SSR is the sum of squared residuals, N -the number of experimental points, and k -the number of model parameters. The corrected Akaike criterion (AIC C ) is calculated according to:
The model with the minimal AIC C value of all candidate ones indicates the best model. 
Ta b l e 2 -Linear and non-linear form of the kinetics, diffusion, and desorption models applied to the vitamin E/zeolite system
The sorption mechanism is governed by secondorder chemisorption process.
Third order kinetics model 
0.5
Multi-mechanistic kinetic reaction including diffusion and chemisorption. 
To identify if boundary layer film diffusion has any role in the rate-controlling step. If the plot B t vs. t is nonlinear or linear but does not pass through the origin, the limiting step is film-diffusion or chemical reaction. 1 exp
A maximum on the rate profile and an inflection point on the kinetics curve are indicative of adsorption systems with lateral interactions and possible energetic heterogeneity. 
The initial concentration of the drug in the matrix is significantly higher than its solubility. Drug diffusion is one-dimensional. The size of the drug particles is smaller than the thickness of the investigated system. The swelling and dissolution of the matrix could be neglected.
The drug diffusion coefficient is constant. Perfect sink conditions are always attained in the release environment. The mathematical model is valid during the entire release process until total depletion of the drug is achieved.
Hixson-Crowell model
The particles area is proportional to the cube root of their volume. Describes drug release from systems which characterize with a change in the surface area and the particles diameter.
Korsmeyer-Peppas model
For cylindrical tablets, 0.45/0.5 ≤ n corresponds to a Fickian diffusion mechanism, 0.45/0.5 < n < 0.89 to non-Fickian transport, n = 0.89 to relaxational transport, and n > 0.89 to super case II transport. Fick diffusion for n = 0.5; non-Fickian diffusion for 0.5 < n < 0.1 For analyses of the release of pharmaceutical polymeric dosage forms, when the release mechanism is not well known or when more than one type of release could be involved.
Weibull model 
Non-Fickian diffusion including diffusion and relaxation.
Results and discussion
Physicochemical and morphological characterization of zeolite
According to the experimental data from the potentiometric titration, the basic and acidic sites for zeolite were estimated at 2.5 and 6.3 mmol g -1 , respectively, which determined the acidic surface of the mineral material. The pH pzc of zeolite is 7.34.
The SEM images of zeolite ( Fig. 1 ) displayed the heterogeneity of the samples related to their composition.
FTIR analyses of zeolite before and after vitamin E encapsulation
According to the study of Che Man et al., 7 the FTIR spectrum of vitamin E (Fig. 2a) The characteristic FTIR spectra of fresh zeolite and vitamin E-loaded zeolite are presented in Fig.  2 . The comparative analysis of the obtained FTIR spectra showed that, after the adsorption of vitamin E molecules in zeolite, the following variations in the intensity of relevant FTIR bands on the spectra of the loaded mineral were registered: shifting of the bands at 3473, 1201, 790, and 468 cm -1 to lower frequencies: 3465, 1197, 773, and 445 cm -1 , respectively, and lower transmittances of the same bands; a decrease in the frequency at 3400 cm -1 (OH-stretching band of the strongly H-bonded zeolitic water), indicating that the adsorbed vitamin E molecules involved H-bonds with the zeolitic water molecules; a slight shift of the absorption bands at 796 cm -1 (for fresh zeolite) to 773 cm -1 (for vitamin E-loaded zeolite) with significant decrease in the intensity of the loaded mineral spectrum; a slight deformation of the loaded zeolite spectrum at 914 cm -1 , attributed to trans-CH 2 -stretching vibrations of vitamin E molecules.
In conclusion, the strong bands assigned to vibrations of the zeolite structure were dominant; however, the characteristic vitamin E FTIR vibrational bands in the antioxidant-loaded zeolite spectra provided evidence for the presence of the vitamin in the zeolite matrix.
Sorption kinetics
The experimental kinetics curves of vitamin E sorption on zeolite at w = 6 and 10 g sorbent are presented in Fig. 3 as q t vs. t. Obviously, both kinetics curves were S-shaped, characterizing with the highest sorption rate in the time interval 50-100 min. The maximum established sorption capacity of the mineral towards the vitamin was q t = 4.79 mg g -1 for the series with 6 g adsorbent, and q t = 3.07 mg g -1 -with 10 g zeolite. The experimental q t values are calculated according to the mass balance -eq. (1):
Obviously, at equal initial vitamin concentration, the sorbent capacity is inversely proportional to the zeolite quantity, i.e. the equilibrium adsorption capacity increases with a decrease in zeolite dose, as a unit mass of the mineral comes into contact with a greater number of organic molecules.
The experimental data was described by four kinetics/mass transfer mathematical models: the pseudo-first order, the mixed order kinetics models, the diffusion-chemisorption, and the intraparticle diffusion models. The characteristic model parameters were calculated by non-linear regression analyses (Table 3) .
The integrative comparative analyses of the values of the predicted model parameters, coefficients, and error functions ( According to Weber-Morris model, it is possible that the diffusion process can be related to different diffusion rate parameters occurring within different pore sizes or perhaps pore blockage occurring with time, which will lead to a reduction in the adsorption rate or diffusion. Thus, at least four separate regions on the plot q t vs. t 0.5 , depicting the mass transfer onto the adsorbent: an initial portion, due to possible external mass transfer effects relating to the adsorption from solution onto the adsorbent, followed by three linear sections representing the possible intraparticle diffusion, are potentially possible to exist. [24] [25] [26] The plots of q t versus t 0.5 for both experimental series (Fig. 4) pass through the origin and comprise of three linear sections indicative of film-diffusion (or chemical reaction), followed by macro-/mesoand micropore-diffusion. The comparative analyses of the values of the model rate parameters (Table 3) established that, for both experimental series, the values of k i2 are the highest, followed by these for k i3 . Consequently, the rate-limiting mechanism of the encapsulation process is pore diffusion; however, the role of film-diffusion could not be neglected. Besides, the higher values of k i2 as compared to k i3 are indicative of the fact that probably a greater relative part of vitamin E molecules was incorporated in the macro-and mesopores/channels of the zeolite matrix. The latter could be explained both by the smaller number of micropores (Table 1) , and the spatial organic molecule/pore size limitations.
The comparative analyses of the kinetics experimental and model data established that intraparticle diffusion was not the only rate-limiting mechanism during the antioxidant encapsulation, as the mixed-order kinetics model characterized with the highest R 2 and the lowest SSE, MSE, RMSE values. Besides, the model curves presented in Fig. 5 correlated very well with the experimental points, especially for the middle and high concentration ranges. The best applicability of the mixed-order model was also confirmed by the lowest values of AIC C for both experimental series ( Table 3) .
The values of the parameter f in the mixed-order kinetics model, for the investigated systems with different zeolite mass, are negative. These parameter values correspond to a maximum on the rate profile, and an inflection point on the kinetics curve. Such mode is indicative of adsorption systems with lateral interactions and possible energetic heterogeneity. The values of the pseudo-second order and third order models are not presented in Table 3, since both kinetics models were inapplicable to the current experimental results. The latter conclusion was based both on the extremely low values 
If the plot is nonlinear or linear but does not pass through the origin, it can then be concluded that the limiting step is film-diffusion or chemical reaction. 27, 28 According to the Boyd experimental and model results presented graphically in Fig. 6 , the plot intercepts the origin and consists of three linear segments (two breakpoints) (Fig. 6) . Consequently, according to Boyd's criterion, it can be concluded that intraparticle diffusion was the rate-controlling step during the antioxidant encapsulation on the mineral matrix. The calculated values of D i by the Boyd model for the studied systems are presented in Table 3 .
Mechanism of vitamin E encapsulation
To outline the probable host-guest interactions between vitamin E molecules and the zeolite structure during the process of the antioxidant encapsulation, insight into the molecular structure and properties of the drug, as well as the morphological and physicochemical characteristics of the inorganic matrix is necessary. The molecular characteristics of vitamin E (Table 4) were calculated by Chem 3D Draw software package. In addition, the approximate dimensions of the organic molecule in the 3D coordinate system were determined by Marvin ChemAxon software package (Fig. 7) .
According to scientific literature, natural zeolites belong to the group of mesoporous mineral materials with the following pore/channel diameters: micropores d < 1.5-2.0 nm; mesopores 1.5 (2.0) > d > 40 (50) nm; macropores d > 40 (50) nm. 29 In view of these data, it could be concluded that the antioxidant molecules could enter and leave the meso-and macropores of the solid matrix without serious spatial limitations. Whereas, the extent of diffusion in the micropores and microchannels obviously depends on the spatial orientation of the drug molecules, which could in turn render resistance and limit the free path for encapsulation. 
F i g . 5 -Experimental kinetics data and mixed-order kinetics model
The localization of α-tocopherol molecules on individual adsorption sites is possible due to hydrogen bonding between their phenol hydroxyl groups and isolated Si-OH groups of the sorbent. 30, 31 The formation of a monomolecular layer of the antioxidant molecules on the sorbent surface leads to the emergence of additional energetically nonequivalent adsorption sites. The further observed increase in the sorption extent is probably caused by the formation of polymolecular α-tocopherol layers. Association of vitamin E molecules via hydrophobic interactions is possible. However, according to the study of Bidzilya et al., such tendency occurs at solution concentrations above 5 · 10 -3 mol dm -3 (i.e. 2223 mg dm -3 ).
30,32 F i g . 6 -Experimental and model Boyd plot of vitamin E encapsulation with w 6 g zeolite
F i g . 7 -Connolly molecular area and molecular dimensions of vitamin E molecule
Thermodynamic study
The values of the calculated thermodynamic parameters for the system vitamin E/zeolite are presented in Table 4 , and their dependence on the initial vitamin E concentration in Fig. 8 . The positive values of ΔH o suggested the endothermic nature of the adsorption process of the vitamin on the mineral material. The values of the free energy change (ΔG o ) were negative, and decreased with temperature increase (Table 5, Fig. 8 ), indicating that the adsorption of vitamin E on zeolite was spontaneous and the adsorption became more favorable at a higher temperature. The fact that they were lower than -80 kJ mol 
Release studies
The use of in vitro drug dissolution data to predict in vivo bioviability of biologically active substances can be considered as the rational development of controlled release formulations. 33, 34 Model-dependent methods are based on different mathematical functions, which describe the dissolution profile. Once a suitable function had been selected, the dissolution profiles were evaluated depending on the derived model parameters.
According to the experimental data, the highest extent of vitamin E release from the zeolite matrix in simulated gastric fluid solution was 3.0 mg dm -3 , which is equal to desorption efficiency E des 6 % at 298 K achieved after 180 min. The experimentally determined vitamin concentration in the zeolite matrix was 4.35 mg g -1 . Based on the data for the dietary reference intakes of vitamin E, the released antioxidant quantity is equivalent to 6.66 IU (1 IU of the synthetic form is equivalent to 0.45 mg of α-tocopherol), which is within the Recommended Dietary Allowances (RDAs) for humans. 35 The lat- ter experimental result proved undoubtedly the efficiency of vitamin E-loaded zeolite for medical applications. In order to determine the suitable release kinetic model describing the dissolution profile of vitamin E, nonlinear regression was applied. The experimental results from the in vitro desorption studies in simulated gastric fluid (pH = 1.2) were modelled by the zero-order, first-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas, Weibull, and sigmoidal models. The values of the model parameters are presented in Table 6 .
The zero-order model (Fig. 9a ) displayed significant correlation towards the experimental data (R 2 = 0.9332; AIC C = -12.235). Concerning drug release, the dosage forms following this profile, release the same amount of drug by unit time, and it is the ideal method of drug release in order to achieve a prolonged pharmacological action. In addition, it is the ultimate goal of all controlled-release drug-delivery mechanisms. It leads, in principle, to the best control of plasma concentration and offers several advantages, including improved pa- tient compliance and reduced frequency of drug administration. [12] [13] [14] Drug dissolution from dosage forms that do not disaggregate and release the drug slowly can also be represented by the zero-order model. This relationship can be used to describe the drug dissolution of several types of modified release pharmaceutical dosage forms, as in the case of some transdermal systems, as well as matrix tablets with low soluble drugs in coated forms, osmotic systems, etc. 36 However, the applicability of the Weibull (Fig.  10) and Korsmeyer-Peppas (Fig. 9b ) models could not be fully neglected due to the acceptable values of the regression coefficients (R 2 ~ 0.89) and AIC C ( Table 6 ).
The release exponent n of Korsmeyer-Peppas kinetic model describes the drug release mechanism: Fick diffusion for n = 0.5; non-Fickian diffusion for 0.5 < n < 0.1. The value of n = 0.8453 obtained in the present study (Table 6) , indicates a change in vitamin E release mechanism from pseudo-Fickian diffusion to anomalous or non-Fickian antioxidant release. 37 Non-Fickian behavior needs two or more parameters to describe the interacting diffusion and relaxation effect inherent in it. 38 The latter conclusions imposed the necessity of applying a proper mathematical model, which could describe such complex release behavior. The sigmoidal drug release model, presented graphically in Fig. 11 , characterized with the best correlation with the experimental data of the release of vitamin E from zeolite. The latter was confirmed by the highest value of the regression coefficient and the lowest AIC C value ( Table 6 ). The significantly higher value of the kinetics constant k s1 as compared to k s2 (Table 6) is indicative of the considerable role of diffusion. The inflexion point registered at approximately 50 % equilibrium release outlines an initial stage where the rate of desorption exceeds that of sorption and a second region characteristic of decreased desorption rate.
In this respect, the study of Tabandeh and Mortazavi 39 proved minor contribution of Higuchi model due to diffusion of α-tocopherol from the outermost bilayers of the multilamellar large vesicles (MLVs) to a liposomal gel. The second phase of the antioxidant release profile showed a non-Fickian release indicating a more prominent role for diffusion. This combinational release profile provided a high initial concentration of α-tocopherol followed by a slow release throughout a 10-hour period.
In the case of mesoporous materials, one of the possibilities to incorporate non-constant diffusivity is the assumption that the diffusion coefficient of drugs depends on the matrix porosity. 40 In the present study, considering the fact that the relative part of the micropores volume is only 3.6 % (Table 1) from the total pores volume, the spatial and dimensional limitations of these pores towards the vitamin macromolecules, it could be concluded that the diffusivity of the organic molecules during their release would not be much dependent on the zeolite microporosity.
Recent scientific studies on the design, applicability, and efficiency of innovative vitamin E carrier and drug-zeolite composite systems (Table 7) , outlined the competitiveness and reliability of the newly developed antioxidant-zeolite formulation in the present study. Significant comparability between the values of the cited encapsulation and release efficiencies (eq. 26) and these obtained in the current investigations is observed. 
Conclusion
The current study has provided insights into the encapsulation/release behavior of the vitamin E/ zeolite system. The physicochemical nature of the antioxidant sorption on the mineral matrix was confirmed by SEM, FTIR, and UV/VIS spectrophotometric analyses. The sorption kinetics followed the mixed order kinetics model, thus the intraparticle diffusion was not the sole rate-limiting step. The thermodynamic study proved the endothermic, spontaneous, and feasible nature of the antioxidant encapsulation process. The attained vitamin E release efficiency in simulated gastric fluid for 180 min was within the Recommended Dietary Allowances (RDAs) for humans. A complex mechanism of vitamin E release from the zeolite matrix, in which diffusion plays a significant role, was observed. The results from the present study are essential as they could be applied during the development of innovative vitamin E carrier systems for human and veterinary medicine. 
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